Tumor-infiltrating lymphocytes (TILs) are direct effectors of tumor immunity, and their characterization is important for further development of immunotherapy. Recent advances in high-throughput sequencing technologies have enabled a comprehensive analysis of T-cell receptor (TCR) complementaritydetermining region 3 (CDR3) sequences, which may provide information of therapeutic importance. We developed a high-fidelity target sequencing method with the ability for absolute quantitation, and performed large-scale sequencing of TCR beta chain (TCRB) CDR3 regions in TILs and peripheral blood lymphocytes (PBLs). The estimated TCRB repertoire sizes of PBLs from four healthy individuals and TILs from four colorectal cancer tissue samples were 608,664-1,003,098 and 90,228-223,757, respectively. The usage of J-and V-regions was similar in PBLs and TILs. Proportions of CDR3 amino acid (aa) sequences occupying more than 0.01% of the total molecular population were 0.33-0.43% in PBLs and 1.3-3.6% in TILs. Additional low coverage sequencing of 15 samples identified five CDR3 aa sequences that were shared by nine patients, one sequence shared by 10 patients, and one sequence shared by 12 patients. The estimated size of the TCRB repertoire in TILs was significantly smaller than that in PBLs. The proportion of abundant species (>0.01%) in TILs was larger than that in PBLs. Shared CDR3 aa sequences represent a response to common antigens, and the identification of such CDR3 sequences may be beneficial in developing clinical biomarkers.
Introduction
Tumor-infiltrating lymphocytes (TILs) are a group of lymphocytes present in tumor tissues. TILs interact most closely with tumor cells and are likely to more accurately reflect tumor-host interactions. All types of lymphocytes (i.e., natural killer cells, B cells, and various subtypes of T cells including T helper [Th] 1 cells, Th2 cells, Th17 cells, regulatory T [Treg] cells, and cytotoxic T cells) infiltrate into tumor tissues [1] . A strong accumulation of TILs, including CD8 + T cells and Th1 cells, is often associated with better outcomes in many kinds of tumors [2, 3] . In contrast, some populations of TILs, such as Th2 cells and Treg cells, are sometimes correlated with a poor prognosis, leading to contradictory results. For therapeutic purposes, tumor-reactive T cells generated from TILs have been used for adoptive cell transfer therapy and the identification of T-cell receptor (TCR) genes and tumor antigens recognized by the T cells [4] to treat malignancies, including melanoma [5] . The recent introduction of immune checkpoint inhibitors [6] is changing the clinical practice of cancer treatment. These agents also activate cytotoxic T cells to act on cancer cells.
T lymphocyte actions depend on the recognition of antigens mediated by the interaction of cell surface molecules (i.e., the heterodimeric T-cell receptor [TCR] ) and a protein degradation product presented by the major histocompatibility complex (MHC) [7] . To enable the recognition of diverse peptide-MHC complexes, the T-cell receptor beta chain
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Characterization of the T-cell receptor beta chain repertoire in tumor-infiltrating lymphocytes (TCRB) locus undergoes somatic recombination among the variable (V), diversity (D), and joining (J) gene segments with the addition/subtraction of bases at recombination junctions. In contrast, the TCR alpha chain locus undergoes VJ recombination, resulting in a limited diversity. The intersection of these specific segments corresponds to the complementaritydetermining region 3 (CDR3) that is important for the recognition of peptide-MHC complexes.
Recent advances in high-throughput sequencing technologies have enabled the identification of TCR types involved in tumor immunity by large-scale sequencing of CDR3. One possible application is the use of a TCR type or a group of TCR types as a marker to predict clinical parameters such as prognosis. For these studies, the detailed characterization of TCR types in TILs as a population (the TCR repertoire) is essential. Thus, CDR3 sequences that appear in multiple individuals ("public" sequences) are important for possible practical applications.
The main technical hurdle for sequencing CDR3 is the high error rate of the massively parallel DNA sequencers [8] . In previous studies, various methods were used to handle sequencing information [9] [10] [11] . Recently, we developed a high-fidelity target sequencing method based on non-overlapping integrated reads (NOIRs) generated from multiple sequence reads from individual molecules identified using barcode sequences [12] . The NOIR sequencing system (NOIR-SS) is a high-fidelity sequencing system based on NOIR and would simplify data processing due to the extremely low error rate. NOIR-SS can also count the number of sequenced molecules, thereby making it possible to employ a quantitative approach to the TCR repertoire. Due to the high complexity of the TCRB, we first applied the system to the TCRB CDR3 and characterized the TCRB repertoire in TILs compared with those in peripheral blood lymphocytes (PBLs). We also characterized the sharing of CDR3 sequences by TILs from multiple patients.
Materials and Methods

Samples
Human peripheral blood samples were obtained from four healthy male volunteers. Colorectal cancer tissues were frozen and stored at −80°C after surgery. Written informed consent was obtained from all patients. This study was approved by the ethics committee of Osaka Medical Center for Cancer and Cardiovascular Diseases.
RNA extraction
Peripheral blood samples (5 mL) were obtained on two separate drawings from each donor. Heparin was used as the anticoagulant agent. Peripheral blood mononuclear cells (PBMC) including T cells were separated from other blood cell types by Ficoll-Paque PLUS (GE Healthcare, Little Chalfont, Buckinghamshire, U.K.), according to the manufacturer's instructions, except that we used phosphate buffered saline (PBS) instead of the "Balanced Salt Solution" described in the procedure. Total RNA was isolated from the separated PBMC with TRIzol reagent (Life Technologies, Waltham, MA), according to the manufacturer's instructions. Total RNA from colorectal cancer tissues was extracted from 10 serial 20 μm slices of frozen tissue with TRIzol reagent. The RNA extraction of colorectal cancer tissues was performed with five different sets of serial sections. All extracted RNAs were processed by DNase I and then repurified with the TRIzol reagent. The RNA quality was verified with the Agilent 2100 Bioanalyzer System (Agilent Technologies, Santa Clara, CA). The RNA integrity numbers (RIN) of all samples (an indicator to confirm intact RNA) were >7.0 except for CC06 and CC23 (RIN ≥6.5).
Primers and adaptors
We designed specific primers for the CDR3 of TCRB. A spacer region consisting of 12 random bases to distinguish molecules, five bases to identify samples (individual index), and an A-adaptor sequence for ion torrent sequencing was added to the 5′-end of the TCRB C-region primer designed by Warren et al. [13] . The sequence of the primer TCRB-CA was 5′-CCATCTCATCCCTGCGTGTCTCCGACTCAG-XXXXX-NNNNNNNNNNNN-GTACATATTGTC GTT-CTCTGCTTCTGATGGCTCAAAC-3′ (A-adaptorindividual-index designed for the Ion Torrent Sequencersrandom barcode-spacer-TCRB C-region primer). For the V-region primers, we used the primer sequences of Robins et al. [10] . The V-region primer set with the P1-adaptor sequence for Ion Torrent sequencing (V-P1 primer set) is shown in Table S1 .
Sequencing library preparation
For reverse transcription of RNA from blood, 78 μL of solution containing 300 ng of total RNA from PBMCs, 60 pmol of the TCRB-CA primer, and 0.77 mmol/L dNTPs was incubated at 65°C for 5 min and 4°C for 2 min. After the addition of 24 μL of 5x first strand buffer, 6 μL of 0.1 mol/L dithiothreitol (DTT), 6 μL of Superscript III (Life Technologies), and 6 μL of RNaseOUT recombinant ribonuclease inhibitor (Life Technologies) into the RNA solution, the mixture was heated at 55°C for 60 min and 70°C for 15 min. Unused primers in the mixture were degraded by Exonuclease I (Affymetrix, Santa Clara, CA). The cDNA was purified with 1.8 volumes of AMPure XP beads (BECKMAN COULTER, Brea, CA).
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The polymerase chain reaction (PCR) was performed using the V-P1 primer set, the T-PCR-A primer (5′-CCATCTCATCCCTGCGTGTC-3′, with an A-adaptor at the 5′ end of the sequence), and the Q5 Hot Start High-Fidelity DNA Polymerase (NEB, Ipswich, MA). The following cycling conditions were used: one cycle of 98°C for 30 sec, 25 cycles of 98°C for 10 sec, 68°C for 10 sec, and 72°C for 30 sec, and one cycle of 72°C for 2 min. For the reverse transcription of RNA from the TILs, 39 μL of a solution containing 3 μg of total RNA from frozen colorectal cancer tissue, 30 pmol of the TCRB-CA primer, and 0.77 mmol/L dNTPs was heat treated at 65°C for 5 min and 4°C for 2 min. After the addition of 12 μL of 5x first strand buffer, 3 μL of 0.1 mol/L DTT, 3 μL of superscript III, and 3 μL of RNaseOUT recombinant ribonuclease inhibitor into the heat-treated RNA solution, the mixture was heated at 55°C for 60 min and 70°C for 15 min. Unused primers were degraded and the products were purified as described above. Linear amplification was performed with the purified DNA using the V-P1 primer set and the Q5 Hot Start High-Fidelity DNA Polymerase. The following cycling conditions were used: one cycle of 98°C for 30 sec, 10 cycles of 98°C for 10 sec, 68°C for 10 sec, and 72°C for 30 sec, and one cycle of 72°C for 2 min. Linearly amplified products were purified with 1.8 volumes of AMPure XP beads. Subsequent PCR was performed using the T-PCR-A primer, the trP1 primer (5′-CCTCTCTATGGGCAGTCGGTGAT-3′, with the P1-adapter sequence at the 5′-end), and the Q5 Hot Start High-Fidelity DNA Polymerase. The following cycling conditions were used: one cycle of 98°C for 30 sec, 25 cycles of 98°C for 10 sec, 68°C for 10 sec, and 72°C for 30 sec, and one cycle of 72°C for 2 min. The PCR products were purified with 1.8 volumes of AMPure XP beads. Human leucocyte antigen (HLA) typing was performed with the Ion Torrent PGM using a protocol developed in our laboratory (manuscript in preparation).
Data processing
Reads in the FASTQ format were divided using 5-bp indices for individual assignments. Sequences between the 5-bp indices and spacer sequences were obtained as barcode tags. Reads with a total length of the spacer and the following sequence shorter than 150 bases were discarded. The monitoring and removal of erroneous barcode tags were performed as described previously [12] . After the removal of erroneous tags that had fewer reads than the threshold, the reads from tags with the same barcode were aligned using the multiple alignment program MUSCLE [14, 15] , and consensus sequences were created with the majority base (>80%) at each position. If more than 50 reads were obtained, the longest 50 reads were analyzed.
To find the CDR3 sequences in the consensus sequences, we searched the J-and V-regions of TCRB in the consensus sequences using BLAT [16] and the reference sequences in the international ImMunoGeneTics information system (IMGT: http://www.imgt.org/). The definition of CDR3 was based on the IMGT web site (the sequence between the cysteine in the V-region and the phenylalanine in the J-region). The nucleotides (nt) of the consensus sequences were converted into amino acids (aa), and aberrant sequences with frame shifts or termination codons were discarded.
Results
Outline of the method
The schematic representation of NOIR-SS for TCRB is shown in Figure 1 . We designed a primer with the barcode sequence (N 12 ) for the C region of TCRB. This primer was used for reverse transcription. For the opposite site, a set of PCR primers whose sequences covered the entire V-region was prepared as previously described [10] . PCR amplification was performed after reverse transcription with the primer external to the barcode sequence. The final PCR product was subjected to massively parallel sequencing with an Ion Torrent Proton sequencer. Consensus reads were built using the barcode sequences. The main problem with barcode technology is the errors introduced into the barcode sequences. Because insertion/ deletion errors are dominant in the Ion Torrent sequencers, errors in the barcode tags can be monitored by the size of the tags. As revealed in the previous experiment [12] , the erroneous barcode tags were accumulated in the fraction of low numbers of reads. Thus, the fraction whose error-free tags occupied <90% was removed ( Fig. 2A) . As shown in Figure 2B , the erroneous tags occupied the majority of the tags. This process enabled counting of the sequenced molecules, thereby preventing labeling of individual molecules with multiple barcode tags. This K. Nakanishi et al. T-cell receptor beta chain repertoire feature is the main advantage of the use of NOIR-SS over other molecular barcode technologies, including those used for immunorepertoires [17, 18] .
Estimation of the size of the TCRB repertoire in PBLs
We estimated the size of the TCRB repertoire in PBLs and TILs using an abundance-based coverage estimator (ACE) [19] . ACE is regarded as one of the most accurate of the richness estimators (the mathematical methods used to estimate the number of species from limited samplings). ACE estimates the entire TCRB repertoire from the numbers of CDR3 sequences that appear as 1-10 molecules. The ability of NOIR-SS to count the number of sequenced molecules justified the use of ACE.
Sequencing results and the estimated numbers of the unique CDR3 sequences in PBLs from four healthy individuals (K1, S1, N1, and H1) are shown in Table 1 . The estimated numbers of PBLs based on the amount of RNA were 1.6-3.7 × 10 5 .
In previous studies, the most accurate estimation was performed by Warren et al. [13] ; therefore, this estimation served as the reference. The authors identified 1,061,522 TCRB DNA types in a healthy individual; this figure is similar to the value estimated for S1 and H1.
Estimation of the size of the TCRB repertoire in TILs First, we compared the TCRB repertoires of TILs in four colorectal cancer tissues (CC07, CC13, CC23, and CC38) with the TCRB repertoires of PBLs described above using rarefaction curves (Fig. 3) . The patient information is shown in Table S2 . The repertoires of the TILs were significantly smaller than those of the PBLs (t-test, P = 0.0035). Second, we estimated the sizes of the TCRB repertoires in the TILs with ACE. The results are shown in Table 1 . The sizes of the TCRBs in the TILs ranged from approximately one-tenth to one-third of the sizes in the PBLs.
To demonstrate the advantages of NOIR-SS, we compared NOIR-SS to conventional next-generation sequencing, that is, the original output sequences from the sequencer. We used subpopulations of CC13 sequence data. The estimated size of the TCRB repertoire with NOIR-SS was consistent and independent of the amount of sequence data (Fig. S1 ). In contrast, the estimated size of the TCRB repertoire with conventional sequencing was T-cell receptor beta chain repertoire K. Nakanishi et al.
dependent on the amount of sequence data and was not consistent (Fig. S1) .
Comparison of TCRB repertoires in PBLs and TILs
Next, we compared TCRB repertoires in PBLs and TILs according to several factors. First, we examined the usage of TCRB J-and V-regions. The descriptive statistics of the identified J-regions and V-regions are shown in Figure 4 . The usage of J-and V-regions was similar between PBLs and TILs. Second, we compared the distributions of CDR3 sequence abundances. The relationship between the numbers of CDR3 aa sequences and their abundance is shown in Figure 5 . In the fractions accounting for more than 0.01%, the numbers of TIL CDR3 aa sequences were significantly larger than those of PBLs (Welch t-test, P = 0.03). We divided the CDR3 aa sequences into three classes (low, middle, and high) based on their abundances (Table 2 ). In TILs, the fractions of CDR3 aa sequences belonging to the middle and high abundance classes were larger than those in the PBLs. Both in PBLs and in TILs, fewer nt sequences were shared by the four samples compared to aa sequences ( Table 2 ). This phenomenon could be because a single shared aa sequence corresponded to multiple CDR3 nt sequences.
CDR3 aa sequences shared by multiple patients
CDR3 aa sequences shared by multiple patients are of particular interest because they represent responses to common antigens in different patients. Therefore, we analyzed colorectal cancers from an additional 15 patients (see Table  S2 for clinical characteristics and Table S3 for HLA type) by low coverage sequencing, with the numbers of identified molecules ranging from 9000 to 52,000. It should be noted that this additional data mainly provided CDR3 aa sequences in the high and middle abundance classes because the number of sequenced molecules were not enough to characterize CDR3 aa sequences belonging to the rare class. The number of shared CDR3 aa sequences decreased as the number of patients increased. There were no TCRB aa types shared by more than 12 patients (Table 3 ).
The 5, 1, and 1 CDR3 aa sequences shared by nine, 10, and 12 patients, respectively, revealed some basic characteristics of the shared sequences; the nt and aa composition and V-and J-region information are provided in Table S4 . Each CDR3 aa sequence was obtained from a different nt sequence through convergent recombination. Every CDR3 aa sequence used the same J-region, but usage of the V-regions was not consistent. No CDR3 aa sequence was consistently associated with any HLA type. There was no apparent association between J-and V-regions and HLA types either. One CDR3 aa sequence was matched to a sequence (accession number, DQ473364.1) [20] , found in a patient of celiac syndrome, which was deposited in the NCBI protein database. TCRB, T-cell receptor beta chain; PBLs, peripheral blood lymphocytes; TILs, tumor-infiltrating lymphocytes; NOIR-SS, non-overlapping integrated read sequencing system; CDR3, complementarity-determining region 3. 
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Discussion
Recent advances in high-throughput sequencing technologies have enabled comprehensive analysis of immunoreceptors. In particular, TCRB is the foremost target of comprehensive sequencing due to its involvement in cellular immunity and its high variability. In this report, we characterized the basic properties of TILs as a molecular population through large-scale sequencing of TCRB CDR3 regions, and revealed that the estimated size of the TCRB repertoire in TILs was significantly smaller than that in PBLs. The frequencies of the TCRBs belonging to the high and middle abundance classes were elevated in TILs.
The major problem with sequencing immunorepertoires is sequencing errors; the output sequences of massively parallel DNA sequencers introduce bias during the template preparation step, and may not accurately represent the original molecular population. Various computational Figure 5 . Frequency fractions of CDR3 amino acid sequences. A total of 100,000 molecules were selected from each pool of sequenced molecules, and the numbers of TCRB amino acid types of each frequency fraction were deduced. CDR3, complementarity-determining region 3; TCRB, T-cell receptor beta chain. T-cell receptor beta chain repertoire K. Nakanishi et al.
methods have been used to overcome this problem [21] . However, evaluating these methods is difficult. Experimentally, the barcode technology has an advantage and will reduce computational efforts. In terms of experimental strategy, the most accurate estimation of the size of the TCRB repertoire was reported by Warren et al. [13] . Instead of the barcode tags used in our study, the authors used J fragments as an indicator of read errors and removed fractions with <96% as erroneous J fragment sequences. They performed exhaustive sequencing (i.e., sequencing TCRB CDR3 regions from two blood samples of a single individual until saturation). Although the use of richness estimators has not necessarily been popular, Qi et al. estimated the size of the TCRB repertoire using a richness estimator [9] . Their technical problem was the use of raw sequence data for counting. This bias was removed in our study using the barcode technology implemented in NOIR-SS. Shugay et al. also applied the barcode technology for sequencing TCRB repertoires [17] . They did not consider the errors introduced into barcode sequences, and applied arbitrary cuts for removal of tags with small numbers of reads. Their approach had the same effect for removal of sequencing errors, but lacked the ability of absolute quantitation, which might add important information in the analysis of clinical samples. Both approaches need more sequencing reads than conventional sequencing, but cost would not be a serious problem due to rapid advances in the sequencing technologies.
Sherwood et al. reported the application of highthroughput sequencing to the TCRB repertoire in colorectal cancer and adjacent mucosal tissues [22] . Their size estimation was smaller than ours (100-fold lower than in the PBLs). However, because their size estimation was the secondary objective and not the primary design and was based on smaller scale conventional sequencing, the finding cannot be adequately compared with our results. The detailed analysis of TILs in ovarian carcinoma and PBLs from the same patients revealed that TCRB repertoires in TILs show strong similarity throughout each tumor, and are distinct from those in PBLs [23] . This information complements our results, which suffer from some limitations because we compared repertoires sampled from TILs and PBLs of different individuals.
Individual responses to antigens may be classified into personal or "private" or shared or "public" TCR sequences. Public TCR types are frequent in persistent viral K. Nakanishi et al. T-cell receptor beta chain repertoire infections [24] [25] [26] . In general, the growth of malignant tumors is a long-term process, and in this respect is similar to persistent virus infections. In mice, a comprehensive analysis of TCRB CDR3 sequences in peripheral blood revealed that any two mice shared 10.5% of their expressed CDR3 aa sequences on average. Additionally, there were a considerable number of "public" CDR3 sequences (defined as those that appeared in most of the recipient mice) that were generally abundant [27] . The fraction of shared CDR3 aa sequences was much lower in our study, and no such "public" CDR3 sequences were identified. The difference could be due to genetic factors, including species differences and the identical genetic background of the mice. This mouse analysis also revealed that "public" CDR3 sequences represented a high fraction of those previously associated with autoimmune, allograft, and tumor-related reactions, but not with antipathogen-related reactions. In our case, the number of shared CDR3 aa sequences was too small for further speculation.
The main interest in TCRB repertoire sequencing is its clinical application. One interesting example is temporal analysis of the TCRB repertoire during treatment with Cytotoxic T-lymphocyte associated protein 4 (CTLA-4) blockers on melanoma [28] . The analysis revealed that temporal changes were varied among patients, but identified that maintenance of high-frequency clones at base lines was associated with longer survival. Recent discovery of correlation between the efficacy of CTLA-4 blockers and neoantigens appeared by mutations [29] raises the possibility of a link between the high-frequency clones and the neoantigens.
As previously described [13, 27, 30] , shared CDR3 sequences were not necessarily associated with specific HLA types. The CDR1 and CDR2 segments of the TCR, which are expressed on the V-region segments of the TCR outside of the CDR3 region, interact directly with the MHC molecule [31, 32] . In contrast, CDR3 segments are directly associated with antigen epitope recognition. The results of the comprehensive sequence analysis agreed with the previous knowledge.
Bioinformatics should play important roles in the extension of the high-throughput sequencing strategy to functional analysis. A plausible approach is the identification of CDR3 sequences correlated with phenotypic parameters, including clinical parameters such as prognosis or drug responses. This approach would directly identify prognostic or predictive biomarkers and select CDR3 sequences for further molecular analysis. For this approach, it is important to generate a comprehensive collection of CDR3 sequences shared by multiple patients. The size of such CDR3 sequences in TILs are not likely to be as large as those found in mice, and the screening of a larger number of patients may be necessary to cover the entire population. Figure S1 . Comparison of conventional massively parallel sequencing and NOIR-SS for the estimation of TCRB nucleotide (nt) repertoire sizes. Horizontal axis: numbers of reads used for estimation. Vertical axis: number of TCRB CDR3 nt sequences identified. Table S1 . Sequences of the V-region primers. Table S2 . Colorectal cancer patient information. Table S3 . Colorectal cancer patient information (HLA type). Table S4 . CDR3 sequences shared by nine to 12 samples.
